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The control of diseases shared with wildlife requires the development of strategies that
will reduce pathogen transmission between wildlife and both domestic animals and human
beings. This review describes and criticizes the options currently applied and attempts to
forecast wildlife disease control in the coming decades. Establishing a proper surveillance
and monitoring scheme (disease and population wise) is the absolute priority before even
making the decision as to whether or not to intervene. Disease control can be achieved
by different means, including: (1) preventive actions, (2) arthropod vector control, (3) host
population control through random or selective culling, habitat management or reproduc-
tive control, and (4) vaccination. The alternative options of zoning or no-action should also
be considered, particularly in view of a cost/benefit assessment. Ideally, tools from several
fields should be combined in an integrated control strategy.The success of disease control
in wildlife depends on many factors, including disease ecology, natural history, and the char-
acteristics of the pathogen, the availability of suitable diagnostic tools, the characteristics
of the domestic and wildlife host(s) and vectors, the geographical spread of the problem,
the scale of the control effort and stakeholders’ attitudes.
Keywords: monitoring, population control, shared infections, vaccination, vector control, zoning
INTRODUCTION
Diseases shared with wildlife are multi-host infections with an
impact on human health, economy, and wildlife management or
conservation were wildlife itself plays a significant role on infec-
tion maintenance. Shared diseases represent a significant burden
that affects public health, global economies, and the conservation
of biodiversity (1–3). It has been suggested that 80% of the rel-
evant animal pathogens present in the United States of America
have a potential wildlife component (4). Furthermore, the number
of emerging infectious disease (EID) events caused by pathogens
originating in wildlife has increased significantly over time, sug-
gesting that EIDs represent an increasing and highly significant risk
to global health (5). Moreover, changes in wildlife management
such as changes in harvesting/culling, conservation measures and
translocations, feeding and fencing of natural habitat are among
the drivers of zoonotic pathogen emergence (6). A collaborative
effort of multiple disciplines in a One Health context is crucial
if the health of human beings, livestock, wildlife, and the envi-
ronment is to be improved (7). It is also widely accepted that the
total eradication of a shared infectious agent is almost impossible
if wildlife hosts, which serve as a natural reservoir of the pathogen
are ignored (8–10).
Disease emergence in wildlife (e.g., chronic wasting disease,
CWD), and difficulties in the eradication of endemic shared dis-
eases such as classical swine fever (CSF) and tuberculosis (TB),
have, over the last few decades, prompted a growing interest in
disease control in wildlife reservoirs (4, 11–14). The control of
diseases shared by wildlife requires the development of strategies
to reduce pathogen transmission between wildlife and domestic
animals or human beings. The control of wildlife disease often con-
sists of an intervention in natural ecosystems and is, as such, often
controversial (14). This review describes the options that are avail-
able for disease control at the wildlife-livestock-human interface,
from preventive measures to population control and vaccination.
This includes a critical review of the options currently applied
and an attempt to forecast wildlife disease control in the coming
decades. This review does not include those disease control efforts
that are directed solely toward wildlife for conservation or game
management purposes. Modeling (if not accompanied by actual
intervention) is also beyond the scope of this paper. An outline if
the steps and options that could be used to achieve disease control
are shown in Figure 1 and some examples can be seen in Figure 2.
DISEASE MONITORING IN WILDLIFE
The key requisite for any disease control in wildlife is that of
establishing a proper surveillance and monitoring scheme. Sur-
veillance and monitoring build on the steady collection, collation,
and analysis of data related to animal health but differs at the aim
and target population. Surveillance targets wildlife populations
classified as healthy to demonstrate the absence of infection (15).
Conversely, monitoring focuses on known infected wildlife popu-
lations aiming to detect spatial and temporal trends (16). Disease
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FIGURE 1 | Flowchart of the available disease control options and result assessment in diseases shared with wildlife.
control measures are only undertaken when disease is present;
therefore, from now on this paper will focus on monitoring (since
surveillance is applied when infection is absent). After disease dis-
covery, descriptive studies are needed in order to assess whether
the disease and the role of wildlife is relevant for public or ani-
mal health or for wildlife conservation and management. If this
is the case, then wildlife diseases must be monitored by defin-
ing the key wildlife hosts, host population background data and
samples; choosing the appropriate methods for diagnosis and for
space-time trend analysis, and establishing a reasonable sampling
effort with suitable sample stratification (17). Each situation must
be analyzed independently since being a “reservoir” or “spillover
host” depends not only on the pathogen and wildlife species but
other factors, e.g., wild boar in the Iberian Peninsula are con-
sidered reservoir hosts for M. bovis but feral hogs in Australia
are considered spill over hosts [see more examples in Ref. (18)].
If properly performed, monitoring will allow changes in disease
occurrence to be identified and the impact of any intervention to
be critically assessed [e.g., Ref. (19)]. One example of the current
trend as regards improved wildlife disease monitoring is the Euro-
pean research consortium APHAEA, whose goal is to harmonize
approaches in order to develop a health surveillance network for
wildlife at a European level by improving both population and
disease monitoring (20).
DISEASE CONTROL OPTIONS
The primary means to control diseases shared by wildlife include
(1) preventive actions, (2) arthropod vector control (if vector-
borne), (3) host population control through random or selective
culling, habitat management or reproductive control, and (4) vac-
cination. Ideally, tools from several fields should be combined
in an integrated control strategy. Targeted and effective meth-
ods aiming to maintain natural environments will receive most
support despite being potentially controversial (21). Alternative
options such as zoning [sensu (14)] or no-action should also
be considered, particularly in view of a cost/benefit assessment
(Figure 1), but disease and population monitoring are always
required.
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FIGURE 2 | Examples of some disease control options currently applied: (A) Farm biosecurity by segregating wildlife and cattle using fences
[Source: Barasona et al. (42)]; (B) Selective and random culling; (C) Vaccination againstTB in wild boar using oral baits.
PREVENTIVE ACTIONS TO CONTROL DISEASES
Disease prevention at the wildlife-livestock-human interface is
a broad field that includes control methods such as transloca-
tion, fencing, feed, and water management, farm biosecurity and
hygienic hunting-offal disposal, among others.
TRANSLOCATION CONTROL
Movement control, known as translocation control in wildlife, is
one of the most fundamental preventive actions in disease control
for both domestic animals and wildlife (22–24). Translocation
control is meant to prevent the introduction or re-introduction
of pathogens via the release of infected free-living or captive
wildlife. Global wildlife trade affects millions of individuals annu-
ally, with severe implications for disease emergence (25). Several
recent reviews discuss the importance of translocation control for
disease prevention [e.g., Ref. (26, 27)], and new regulations have
been enforced in some countries (e.g., OIE regulations for chytrid
fungus control in amphibians, Royal Decree 1082/2009 in Spain).
BARRIERS
This concept includes the use of large or small-scale fencing and
any other barrier: physical, dogs, deterrents, barriers to vectors,
etc. to prevent the transmission of diseases between animal
populations by decreasing contact among them.
Large-scale fencing
Certain livestock diseases, such as foot-and-mouth disease (FMD),
are difficult to control due to the large numbers of infected wildlife
hosts. This limits the ability to trade livestock products in inter-
national markets. Fencing has been used on very large scales to
segregate wildlife from cattle. One successful example is from
southern Africa where livestock and game-proof fences lengthier
than 500 km where set up to prevent the spread of rinderpest and
FMD (28, 29). However, fences are vulnerable to certain animal
species [e.g., suids may slip under them, or elephants may destroy
them (30)] being difficult and expensive to maintain. Expenses
and doubts on efficacy are some of the reasons why EU Com-
missioners did not back up proposal of Lithuania Minister on
building a fence along Belarus’ border to prevent wild boar move-
ment in order to control African Swine Fever (ASF) spread (31,
32). Moreover, fencing may be an important impediment to con-
servation as such large barriers seriously interfere with animal
migration (33).
Farm-biosecurity, small-scale fencing, and deterrents
Although on a far smaller scale, fencing is a key tool in farm biose-
curity. Farm biosecurity is becoming a prominent method to pre-
vent infectious disease transmission and reduce wildlife-livestock
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interactions (34, 35). For example, industrial pig and poultry farms
maintain their low disease status partly because they are effectively
separated from potentially infected wildlife by fencing and other
physical barriers. Farm-biosecurity continues to be improved, not
only in intensive rearing facilities but also in open air systems and
in livestock production systems in which wildlife contact is likely
in pastures, water points or feed-storage sites. On UK cattle farms,
appropriately deployed simple exclusion measures (sheet metal
gates and fencing, feed bins and electric fencing) were 100% effec-
tive in preventing the Eurasian badger (Meles meles) from entering
farm buildings. These exclusion measures also reduced the level of
badger visits to the rest of the farmyard, thus potentially decreas-
ing the risk of Mycobacterium bovis (TB) transmission between
badgers and cattle (35). Wild ungulates, including white-tailed
deer (Odocoileus virginianus) and Eurasian wild boar (Sus scrofa),
are among the most damage-causing wildlife species. Fencing has
been demonstrated to reduce the use of potential contact sites by
wildlife [e.g., Ref. (36–38)]. In Riding Mountain N.P. (Canada)
local fencing was combined with the use of guard dogs to further
decrease the risk of M. bovis transmission to cattle in conjunction
with the on-going test and cull and a deer feeding ban to reduce the
risk of elk (Cervus elaphus) and white-tailed deer transmitting M.
bovis to cattle (39). Segregating wildlife and livestock from com-
mon resources such as waterholes or feed by setting up selective
enclosures or by training dogs to reduce wildlife visits to farms
may prove beneficial (40, 41). Actions to prevent disease transmis-
sion at water points and feeding sites may also include dispersing
or modifying the available water points and replacing feeding sites
on the ground with selective feeders which are less accessible to
certain species. For instance, an apparent reduction of 66% in
cattle TB skin reactors was achieved using fencing to segregate
waterholes for either cattle or wildlife on a farm in Spain (42).
Care must be taken to select the appropriate segregation method;
if it is applied incorrectly it can cause the opposite effect. For
example, the policy of massively feeding elk during the winter in
the Yellowstone Ecosystem (WY) in order to limit transmission of
Brucella abortus in pastures shared with cattle may actually con-
tribute toward disease transmission and maintenance within elk
herds (43).
HUSBANDRY
Changes in animal husbandry include infinite possibilities as
regards dealing with specific biosecurity problems. These changes
include timing and the use or certain pastures, feeding livestock
inside, or changing disease susceptible livestock species to less risky
ones (44). For instance, agencies can promote substituting horses
for ruminants or sheep for cattle in TB endemic areas. The lat-
ter option is occasionally being recommended to cattle owners in
highly prevalent regions with high wildlife densities in Spain (C.
Gortazar, personal communication).
CARCASS AND HUNTING-OFFAL DISPOSAL
Another important field in biosecurity and wildlife disease control
is the proper removal of harvested animals (including viscera and
other remains) in order to limit potential infection spread, prin-
cipally by mammals (45). One specific case is the obligatory pre-
movement testing of hunter-harvested wild boar carcasses for CSF.
Wild boar shot, in potentially endemic areas, must remain (refrig-
erated in appropriate set ups to enable carcass maintenance until
clearance) at the hunting site until blood and spleen have been ana-
lyzed for CSF in the corresponding laboratory [e.g., Ref. (46)]. In
New Zealand, similar discussions are occurring around the move-
ment of potentially M. bovis infected feral pig heads collected by
hunters as trophies (G. Nugent, personal communication).
The disposal of carcasses and hunting remains has significantly
contributed to wildlife disease-related conflict between hunters,
government agencies, the livestock industry, and conservation-
ists in Mediterranean Spain (47). Recent field tests have revealed
that simple and inexpensive fence designs prevent non-target
species, including wild boar, from accessing the food provided
for endangered avian scavengers [Gyps fulvus,Aegypius monachus,
Corvus corax, and Aquila adalberti (48)]. More observational and
experimental research is needed in all the aforementioned control
methods, since only a few of these methods have been scientifically
assessed for their actual contribution to disease control.
ARTHROPOD VECTOR CONTROL
The control of arthropod vector infestations for the control of
diseases shared with wildlife has principally been described in rela-
tion to West Nile virus (WNV) and tick-borne infections such as
Lyme borreliosis and babesiosis. West Nile exemplifies the com-
plex interactions between health and the environment (49) as new
conflicts are surfacing around culicoid mosquitoes control and
environmental health (50). Since there are no efficient vaccines or
treatments available for WNV, efforts are focused on vector con-
trol mainly by using insecticides though new strategies based on
symbionts, such as Wolbachia sp (51). Nevertheless, there is an
increased concern about the toxic effects of insecticides on non-
target insect populations, on human beings and the environment
[e.g., Clean Water Act versus pesticide use and wetland manage-
ment practices such as drainage in Sacramento – San Joaquin
Bay – Delta estuary, CA, USA (50)].
Ixodes tick control (including habitat management through
burning, the use of acaricides, and white-tailed deer elimina-
tion) has been shown to reduce Ixodes scapularis populations by
up to 94%, and acaricide application to deer decreased nymphal
I. scapularis populations by up to 83%. However, the effect of
these strategies on the incidence of Lyme disease in human beings
remains unknown (52, 53).
Control efforts forBabesia sp. vectors rely on culling wild ungu-
lates in infected and neighbor farms in conjunction with acaricide
control of tick infestations in the area. The systematic culling
of white-tailed deer as a tick eradication method is regarded as
unfeasible due to its high cost, regulations preserving wildlife
in American Indian reservations and the ethical considerations
behind this approach (54). Pasture rotation methods to reduce the
tick burden initiated in the 1970s appear to have failed due to the
abundance of white-tailed deer and other wild ungulate species
(55, 56).
Two other methods to control ticks on white-tailed deer exist:
acaricides and vaccination. Acaricides include systemic treatments
through the consumption of ivermectin-medicated corn and/or
topical treatments using 4-poster deer treatment bait stations
and/or 2-poster deer treatment feeder adapters, both of which
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passively apply acaricide topically to deer (55). Vaccines against
cattle ticks became available in the early 1990s as a cost-effective
alternative for tick control that reduced acaricide use as well as the
associated problems such as the selection of acaricide-resistant
ticks, environmental contamination and the contamination of
milk and meat products with acaricide residues (57, 58). Vaccina-
tion trials with commercial vaccines containing the Rhipicephalus
microplus BM86 and BM95 gut antigens, Gavac® and TickGARD®
(Heber Biotec S. A., Havana, Cuba and Hoeschst Animal Health,
Australia), reduced the number of engorging female ticks, their
weight and their reproductive capacity, thus resulting in the reduc-
tion of tick infestations and in the prevalence of some tick-borne
pathogens (57, 58). Other candidate protective antigens such as
subolesin (SUB) have recently been proposed for the control of dif-
ferent tick species and other ectoparasites (59). Vaccination with
BM86 and SUB tick protective antigens have reduced tick infesta-
tions in red deer (Cervus elaphus) and white-tailed deer with an
overall vaccine efficacy of approximately 80% for the control of R.
microplus infestations in white-tailed deer (60).
WILDLIFE POPULATION CONTROL
Many factors contribute to the natural regulation of wildlife abun-
dance. Herbivores, which are likely to be particularly relevant for
shared disease maintenance, are probably limited by food avail-
ability and predation or hunting harvests (61). Disease itself is a
mechanism that may regulate wildlife populations. The problem
of overabundant wildlife populations and thus, an increased reser-
voir population, may occasionally be addressed by using relatively
simple management actions such as feeding bans or increased
harvesting (24, 39, 62).
It has been demonstrated that the supplementary feeding of
red deer has a strong effect on the reproductive success of hinds,
and hence on population productivity (63). However, feeding bans
will have little to no effect on overabundant populations that are
not provisioned, such as those in protected areas [e.g., Ref. (64)].
Feeding bans have been known to generate conflict with hunters
and landowners if baiting and feeding is perceived as a traditional
and rewarding practice by which to increase the hunting harvest
(24, 65) or other perceived values (e.g., deer as a symbol of natural
resources for Michiganders (66).
The total elimination of a reservoir species is impractical,
expensive, and ethically and ecologically unacceptable unless it
targets an introduced species (67). Moreover, hunting has limi-
tations in its ability to control wildlife populations, for example,
in protected areas or urban habitats, and the effects of culling are
only temporary if population control is not sustained over time. It
is also known that eliminating or substantially reducing the num-
ber of abundant species can have indirect effects on other species.
For instance, fox numbers increased after badger culling for TB
control in the UK (68); and deer and moose (Alces alces) numbers
increased, as well as grazing pressure and habitat damage, when
carnivore culling was conducted in Canada (69). Culling also has
effects over the targeted species such as increased movement due to
social disruption [dispersal and immigration; (70–73)] and com-
pensatory reproduction (74). The aforementioned reasons have
led some authors to state that culling reservoir populations in order
to mitigate or control the transmission of pathogens has proven
disappointingly inefficient (14, 75–77) and EFSA to advise against
the wild boar mass culling carried out to control ASF transmission
in some EU member estates (78).
Random culling may be considered for overabundant popula-
tions of introduced species or game species if feeding bans and
sustainable habitat management are not feasible. Random culling
to control overabundance should be explored before testing other
more costly means. As shown in Table 1, random culling can,under
certain circumstances, contribute to wildlife disease control. Mod-
els suggest that in pathogens that depend on frequency-dependent
transmission, culling or increased harvesting can eradicate the dis-
ease when birth or recruitment induces the compensatory growth
of new, healthy individuals, which has the net effect of reducing
disease prevalence by dilution (79). Harrison et al. (80) proposed
that the use of wildlife culls for disease control should be proposed
only when: (i) the pathogen transmission cycle is fully understood
including all the host (vector) interactions; (ii) the response of
wildlife populations to culling is known; and (iii) a cost-benefit
analysis shows that increased revenue or benefit from reduced dis-
ease prevalence exceeds the cost of culling. In practice, random
culling is seldom a stand-alone tool but rather one of several ele-
ments of an integrated disease control strategy, often based on
vaccination.
A more socially acceptable alternative to random culling is
selective (or targeted) culling, similar to test and cull schemes
applied to domestic animals. Such actions can be very expensive,
and their feasibility depends on access to the animals, the avail-
ability of convenient, sensitive and specific tests, the prevalence of
the infection, and the spatial distribution of the target population
(Table 1).
Random and selective culling strategies are more likely to suc-
ceed in isolated populations than on large geographical scales, and
the results will probably consist of a certain reduction of disease
prevalence in the wildlife host and in the domestic host targeted,
rather than in the total eradication of the infectious agent (94). The
success of a culling scheme will also depend on the attributes of the
specific infectious agent targeted (62). Increased research into ran-
dom and selective culling, with simultaneous alternative methods
such as immunocontraception or feeding bans, is needed. Indeed,
fertility control methods as immunocontraception are perceived
by the general public as a more acceptable manner for limiting
wildlife population than culling (98, 99). Immunocontraception
may as well be a tool to control venereal and vertical transmit-
ted diseases (100) and has several advantages over culling as no
compensatory reproduction or behavior disturbances take place
(101). However, long-term effectiveness and side effects have to be
further investigated (102).
VACCINATION AND MEDICATION
In this context, wildlife vaccination to reduce infection prevalence
emerges as a valuable alternative or complementary tool in disease
control. Disease control through the vaccination of wildlife reser-
voirs may potentially have advantages over other approaches. As
opposed to culling, vaccination may be more acceptable to the gen-
eral public (103) since it is a non-destructive and sustainable (does
not increase the susceptible animals in the population) method of
controlling disease in wildlife.
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Table 1 | Attempts to control diseases shared with wildlife through population control.
Type of population
control
Wildlife species; pathogen
targeted; site
% Population reduction
achieved; % infection
reduction in wildlife
Efficacy (in terms of reduced contact
or infection in livestock or human
beings)
Reference
Culling and hazing
(bison outside the park
are hazed back or
culled)
Bison; Brucella abortus;
Yellowstone, Montana, USA
Negligible; n.a. Cattle incidents continue (81)
Random culling Wild boar; Mycobacterium bovis;
Spain
50%; 21–48% Wild boar abundance correlated with
annual% of skin test reactor cattle; TB lesion
prevalence declined in sympatric red deer
(62)
Random culling Wild boar; Mycobacterium bovis;
Spain
67%; Negligible TB lesion prevalence declined in sympatric
fallow deer
(82)
Random culling (local
proactive culling)
Badger; M. bovis; RBCT, UK 69–73%; n.a. Variable. Greater effects on cattle
breakdowns during post-culling period
(73, 83)
Random culling
(widespread proactive
culling)
Badger; M. bovis; Ireland ( four
areas)
n.a.: 25% 52–82% less of confirmed cattle restrictions (84)
Random culling
(reactive culling)
Badger; M. bovis; Laois Co., Ireland n.a.: n.a. Higher survival time to future bTB episodes
in cattle herds
(85)
Random culling (den
gassing)
Badger; M. bovis; Avon, UK n.a.: n.a. Substantially reduced risk of infection for
cattle and no new cases in 10 years
(86, 87)
Random culling Red deer and wild boar; M. bovis;
Brotonne, France
Close to 100% in red deer
and significant in wild boar;
86%, 82%
No new cattle breakdowns since 2006 (88)
Random culling Possum; M. bovis; New Zealand Locally close to 100%; n.a. 92% decline in number of infected herds (39)
Random culling Feral water buffalo; M. bovis;
Australia
99%; 100% 100% (89)
Random culling
(restricted+ restricted
feeding and baiting)
White-tailed deer; M. bovis;
Michigan, USA
n.a.: 63% but still
maintenance hosts
Herd breakdowns continue (90)
Random culling
(intense+ feeding
and baiting ban)
White-tailed deer; M. bovis;
Minnesota, USA
50%; 100% Minnesota regained TB free status in 2010 (24, 90)
Random culling European starling; Salmonella
enterica; Texas, USA (feedlots)
66%; n.a. No apparent reduction in cattle, but
disappeared from feed bunks and
substantially declined within water troughs
(91)
Random culling White-tailed deer; Ticks (Borrelia
burgdorferi vectors); Moneghan
island, Maine, USA
100%; Significant tick
abundance reduction
n.a. (92)
Random culling Wild boar; CSF virus; French Vosges
Forest, France
Hunting biased to piglets
and juveniles; negligible
No measurable effect (93) and
references
therein
Random culling Wild boar; Suid Herpesvirus
1 – Aujeszky’s disease virus; Spain
50%; 0% n.a. (no pigs present on treatment sites) (62)
(Continued)
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Table 1 | Continued
Type of population
control
Wildlife species; pathogen
targeted; site
% Population reduction
achieved; % infection
reduction in wildlife
Efficacy (in terms of reduced contact
or infection in livestock or human
beings)
Reference
Random culling (several
studies)
Fox and other carnivores; Rabies
virus; Europe and North America
Variable; not sufficient n.a. (67) and
references
therein
Selective culling Bison (fenced wood bison); B.
abortus; Elk Island NP, Canada
n.a.: 100% n.a. (no cattle present on treatment site) (94)
Selective culling
(+vaccination of calves)
Elk and Bison (fenced plains bison);
B. abortus; Elk Island NP, Canada
n.a.: 100% n.a. (no cattle present on treatment site) (94)
Selective culling African buffalo; M. bovis;
Kwazulu/Natal, South Africa
n.a.: 50% n.a. (no cattle present on treatment site) (95)
Selective culling White-tailed deer; M. bovis;
Michigan, USA
Negligible; 0% n.a. (96)
Selective culling White-tailed deer; Chronic Wasting
Disease (prion); Colorado, USA
Negligible; estimated to
take 5–10 years to reduce
from 8% to <2%
Locally feasible, but not in large areas owing
to costs ($300/animal plus personnel time)
(97)
n.a., not available.
The best vaccination method for wildlife populations spread
over a wide geographical area is oral vaccination using baits. The
oral vaccination of wildlife is the only disease management tool
with proven efficacy on large spatial scales. This has been shown
most clearly in the case of fox rabies control in Western Europe
(104). Table 2 summarizes the most significant wildlife vaccina-
tion assays carried out in the field, and their outcomes. Many more
host/pathogen binomia are currently being evaluated in the lab-
oratory or are beginning to be investigated in preliminary field
studies [e.g., Ref. (103)]. Such on-going studies are not included
in this review.
However, wildlife disease control can eventually interfere
with wildlife ecology. In diseases where vaccination significantly
reduces target host mortality, effects on sympatric prey, preda-
tors or competitors may occur (110, 114) while this is unlikely
for chronic and endemic diseases. In addition, some management
tools commonly used to improve bait deployment, such as artifi-
cial feeding, are known drivers of reproductive success (63) and
can increase wildlife spatial aggregation at feeding sites (115). As
discussed previously, these methods can actually increase disease
transmission if applied on a wide scale for prolonged periods of
time. Vaccines must demonstrate biosafety for non-target species
[vaccines against diseases, such as CSF, that affect only one species
do not represent a risk for non-target species; (105)] and phys-
ical stability to endure environmental temperature conditions,
though inactivated vaccines circumvent this requirement [some
effective oral inactivated vaccines are already being developed,
(116)]. Approaches within natural ecosystems should therefore
first be carefully tested in trials that are progressively extended to
a larger scale (14).
Medication of wild animals can rarely be used to reduce the
burden of disease in wild populations and very few examples
exist in the literature of the medication of free-ranging wildlife
in comparison to the plethora of reports on vaccination. Among
these, the control of Echinococcusmultilocularis in foxes is a promi-
nent example. The adult fox tapeworm is sub-microscopic and
infects foxes and, less efficiently, dogs. The larval form infects sev-
eral wild rodents. In villages and small towns in central Europe,
foxes are responsible for environmental E. multilocularis egg con-
tamination in the vicinity of human beings, leading to infection
risk if human beings accidentally ingest viable eggs (117). The
knowledge developed for fox rabies vaccine delivery through oral
baits has been built on to employ similar strategies by which to
deploy the anthelminthic praziquantel (118).
An important concern when releasing drugs into the environ-
ment is biosafety (119, 120). Though, the presence of anthelmintic
compounds in the environment is mainly derived from their
massive use in the livestock industry.
COMPARTMENTALIZATION AND ZONING: KNOWING THE
PROBLEM AND LIVING WITH IT
Both compartmentalization and zoning (or zonification) can and
have been implemented by countries or states in order to define
sub-populations of varying health statuses for disease control. This
could become one of the best solutions for disease control at the
wildlife-livestock interface in the future [see Ref. (14) for a recent
review]. The idea of zoning consists of defining a geographical area
in which an infection exists in order to differentiate its infection
status from other zones. This has, for example, been proposed for
Yellowstone bison (Bison bison), suggesting that the inherent cost
of declaring a brucellosis-infected zone would be far lower than
current management to avoid Brucella abortus spillback to cattle
(121). It is also carried out de facto as regards M. bovis and B. abor-
tus infected wood bison in Wood Buffalo N.P. in Alberta, Canada
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Table 2 | Attempts to control diseases shared with wildlife through vaccination.
Pathogen targeted;Wildlife species; Site Vaccine deployment % Reduced infection in wildlife Reference
Classical Swine Fever virus; Wild boar; France Oral (preventive vaccination) n.a., Effective prevention of infection maintenance (105)
Foot-and-Mouth Disease virus; Buffalo and
other wildlife; South Africa
Cattle vaccination in contact
areas with infected wildlife
n.a., Breakdowns linked with fence permeability,
vaccination coverage, and efficiency of animal
movement control measures
(106)
Mycobacterium bovis; Badger; UK Parenteral 61–72% Reduction in the incidence of positive test
results
(107)
M. bovis; Possum; New Zealand Oral 95–96% (108)
Rabies virus; Coyote; Texas, USA Oral 100% (109)
Rabies virus; Gray fox; Texas, USA Oral n.a. (109)
Rabies virus; Raccoon; Ontario, Canada Oral n.a., Contributed to geographical containment (110)
Rabies virus; Raccoon; Wolfe Island, Ontario,
Canada
Oral and parenteral
(+rabies-caused mortality)
100% (111)
Rabies virus; Red fox; Germany Oral 100% (104)
Rabies virus; Red fox; Ontario, Canada Oral Close to 100%, but persists in skunks (110, 112)
Rabies virus; Red fox; and raccoon dog
Estonia
Oral 100% (113)
n.a., not available.
(39, 94) and for several wildlife species carrying FMD in Namibia
and Zimbawue (28, 29).
A related concept is compartmentalization, during which seg-
regation is based on production-linked establishments and types
of animal husbandry and biosecurity, rather than on geograph-
ical boundaries. Free-ranging domestic pigs could, for instance,
belong to a different (and more at risk) compartment than indus-
trial pigs, thus allowing a different status to be defined for each
compartment.
ECONOMIC EFFECTS OF NO ACTION
Inaction is a frequent decision in the control of wildlife diseases.
This is due to the fact that, for most diseases, there is no strong
justification for intervention (in terms of public or animal health
conservation) or if justification exists there are no suitable and
cost-efficient disease control tools available (12). Regardless, the
decision to take no action should be accompanied by monitoring
in order to assess the effect of this inaction on pathogen mainte-
nance and on animal and human health. This would allow our
strategy to be changed if monitoring proves that our decision
should be reconsidered (12).
Taking no action to control diseases can result in higher costs.
One example is the dramatic increase in prevalence of TB in bad-
gers after the suspension of TB cattle testing during the FMD
epidemic in the UK in 2000–2001. This was ascribed to the high
prevalence of cattle herd infection and cattle with advanced disease
(70). In New Zealand, the control of the invasive Australian brush-
tail possum (Trichosurus vulpecula) ceased during an economic
crisis in the early 1980s. Almost immediately, cattle TB prevalence
rose (P. Livingstone, personal communication). Modeling offers
a useful alternative approach to the development of management
criteria and facilitates the consideration of ecological-economic
trade-offs, signifying that diseases are managed in a cost-effective
manner (122, 123).
WILDLIFE DISEASE CONTROL IN THE 21ST CENTURY:
TOWARD INTEGRATED DISEASE CONTROL SCHEMES
Various general inferences can be made from the review given
above. First, setting up a proper disease and population surveil-
lance and monitoring scheme is an absolute priority; even before
deciding whether or not to intervene (Figure 1). For example,
the information provided by the European research consortia
APHAEA and ANTIGONE constitutes valuable knowledge with
which to start up a surveillance network (20, 124). Second, all
options for disease control at the wildlife-livestock-human inter-
face, including those of no intervention, need to be considered,
either individually or combined. Third, combining several dis-
ease control tools in integrated strategies is likely to reduce the
cost and effort required for disease control. Integrated strate-
gies are also preferred since no single control measure is uni-
versally applicable (125). However, when more than one tool is
used in a control strategy, the relative contribution of each one
is confounded (90, 111). Fourth, the success of disease control
in wildlife depends on many factors, including (a) the single or
multi-host nature and other characteristics of the pathogen, (b)
the availability of suitable diagnostic tools, (c) the characteris-
tics of the wildlife host(s) and vectors, (d) the geographical range
of the pathogen/reservoir (improved control in isolated versus
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continuous populations) and the scale of the control effort (large-
scale longitudinal programs are better), (e) the attitude of the
stakeholders involved (highly dependent on their education and
communication provided to them).
One particular field deserving increased attention is the One
Health approach, meaning a need for better collaboration between
public health, veterinary, and environment services in order to
address shared diseases. For instance, game species depend on
veterinary services while on the farm, on environment services
after their release into the wild, and on public health services after
being harvested for human consumption. Despite this fact, inter-
agency information exchange and collaboration is often limited.
To overcome this difficulty, governments should consider setting
up“One Health working groups,”aimed at improving inter-agency
collaboration for instance through specific information exchange
mechanisms and through joint risk assessment exercises consid-
ering not just one of the three compartments [e.g., Ref. (126)].
Also, the potential of wildlife rescue centers for the monitoring
and early detection of potentially zoonotic or economically rele-
vant diseases is often neglected (127). In fact, disease in wildlife
populations has been compared to an iceberg with only the tip
of the total mass being visible at any time (12) because there
were few people looking for it and other considerations related
to the wilderness of wildlife (difficulties in detecting and mea-
suring disease and individuals their selves). Nowadays, several
surveillance and monitoring schemes are operating in wildlife
worldwide (128–131) and generating a considerable amount of
valuable information. As mentioned earlier, the number of EID
events caused by pathogens originating in wildlife and the risk they
represent to global health evidences the necessity of engagement
between these wildlife specialists and other agencies (WHO, OIE).
Most current monitoring and disease control efforts in wildlife
are directed toward only a few relevant diseases, including rabies,
ASF, CSF, FMD, CWD, brucellosis, TB, E. multilocularis, and tick-
borne diseases. In the future, it is likely that this list will become
longer as new scenarios and disease control needs emerge. Future
wildlife disease control efforts will probably rely on a better under-
standing and modeling of wildlife–pathogen interactions (123),
thus improving biosafety and prevention. Other fields expected
to grow include immunocontraception for population control,
selective culling and, most notably, vaccination. New vaccines will
hopefully permit more cost-effective, biosafe, and cheaper disease
control in wildlife. Recent results with inactivated M. bovis vac-
cines (116, 132) and recombinant arthropod vector vaccines for
the control of both vector infestations and pathogen transmis-
sion (59, 133) support this research direction. The development
of effective vaccines for wildlife is still in its infancy, but the results
reviewed here have demonstrated the possibilities and advantages
of integrated control strategies, and encourage support to expand
research in this area in order to contribute to the eradication of
wildlife-associated diseases.
Finally, from a global point of view, disease control schemes
should be aimed at the accomplishment of a balance. Most of the
above-mentioned examples of shared wildlife diseases are resul-
tant of unbalanced situations in which, for instance, wildlife has
increased in numbers, often as the result of anthropogenic fac-
tors [such as rural abandonment or land use changes (2)]. Any
proposed control scheme that does not target re-establishing an
ecological balance will probably be limited to a short-term success
instead of long-term disease control.
ACKNOWLEDGMENTS
This work was supported by Plan Nacional I+D+ i research grant
AGL2011-30041 and FAU2008-00004 grants from MINECO and
the EU FP7 grants APHAEA (EMIDA ERA-NET) and WildTB-
vac (project number 613779). The PhD students were supported
by predoctoral grants from JCCM and MINECO. Fran Ruiz-Fons
kindly commented on a preliminary version of the manuscript.
REFERENCES
1. Daszak P, Cunningham AA, Hyatt AD. Emerging infectious diseases of wildlife –
threats to biodiversity and human health. Science (2000) 287(5452):443–9.
doi:10.1126/science.287.5452.443
2. Gortazar C, Acevedo P, Ruiz-Fons F,Vicente J. Disease risks and overabundance
of game species. Eur J Wildl Res (2006) 52(2):81–7. doi:10.1007/s10344-005-
0022-2
3. Caron A, Miguel E, Gomo C, Makaya P, Pfukenyi DM, Foggin C, et al.
Relationship between burden of infection in ungulate populations and
wildlife/livestock interfaces. Epidemiol Infect (2013) 141(7):1522–35. doi:10.
1017/S0950268813000204
4. Miller RS, Farnsworth ML, Malmberg JL. Diseases at the livestock–wildlife
interface: status, challenges, and opportunities in the United States. Prev Vet
Med (2013) 110(2):119–32. doi:10.1016/j.prevetmed.2012.11.021
5. Jones K, Patel NG, Levy MA, Storeygard A, Balk D, Gittleman JL, et al.
Global trends in emerging infectious diseases.Nature (2008) 451(7181):990–4.
doi:10.1038/nature06536
6. Gortazar C, Reperant LA, Kuiken T, de la Fuente J, Boadella M, Martínez-
Lopez B, et al. Crossing the interspecies barrier: opening the door to zoonotic
pathogens. PLoS Pathog (2014) 10(6):e1004129. doi:10.1371/journal.ppat.
1004129
7. FAO/OIE/WHO/UNSIC/UNICEF/WorldBank. Contributing to One World,
One Health: A Strategic Framework for Reducing Risk of Infectious Diseases
at the Animal–Human–Ecosystem Interface. (2008). Available from: http://
un-influenza.org/sites/default/files/OWOH_14Oct08.pdf
8. O’Reilly LM, Daborn CJ. The epidemiology of Mycobacterium bovis infec-
tions in animals and man: a review. Tuber Lung Dis (1995) 76(Suppl 1):1–46.
doi:10.1016/0962-8479(95)90591-X
9. Gortazar C, Ferroglio E, Hofle U, Frolich K, Vicente J. Diseases shared
between wildlife and livestock: a European perspective. Eur J Wildl Res (2007)
53(4):241–56. doi:10.1007/s10344-007-0098-y
10. Martin C, Pastoret P-P, Brochier B, Humblet M-F, Saegerman C. A survey of
the transmission of infectious diseases/infections between wild and domestic
ungulates in Europe. Vet Res (2011) 42:70. doi:10.1186/1297-9716-42-70
11. Artois M, Delahay R, Guberti V, Cheeseman C. Control of infectious diseases
of wildlife in Europe. Vet J (2001) 162(2):141–52. doi:10.1053/tvjl.2001.0601
12. Wobeser GA. Disease in Wild Animals: Investigation and Management. 2nd ed.
Berlin: Springer-Verlag (2007). 393 p.
13. Delahay RJ, Smith GC, Hutchings MR, editors. Management of Disease inWild
Mammals. Tokyo: Springer (2009). 283 p.
14. Artois M, Blancou J, Dupeyroux O, Gilot-Fromont E. Sustainable control of
zoonotic pathogens in wildlife: how to be fair to wild animals? Rev Sci Tech Off
Int Epizoot (2011) 30(3):733–43.
15. OIE WOfAH. Animal Health Surveillance. Terrestrial Animal Health Code. 1:
General Provisions. (2011). p. 14–25.
16. Artois M, Bengis R, Delahay R, Duchêne M, Duff P, Ferroglio E, et al. Wildlife
disease surveillance and monitoring. In: Delahay R, Smith G, Hutchings M,
editors. Management of Disease in Wild Mammals. New York, NY: Springer
(2009). 284 p.
17. Boadella M, Gortazar C,Acevedo P, Carta T, Martín-Hernando MP, de la Fuente
J, et al. Six recommendations for improving monitoring of diseases shared with
wildlife: examples regarding mycobacterial infections in Spain. Eur J Wildl Res
(2011) 57(4):697–706. doi:10.1007/s10344-011-0550-x
18. Palmer MV. Mycobacterium bovis: characteristics of wildlife reservoir hosts.
Transbound Emerg Dis (2013) 60(Suppl1):1–13. doi:10.1111/tbed.12115
www.frontiersin.org January 2015 | Volume 1 | Article 27 | 9
Gortazar et al. Controlling infections shared with wildlife
19. Robinson PA, Corner LAL, Courcier EA, McNair J, Artois M, Menzies
FD, et al. BCG vaccination against tuberculosis in European badgers (Meles
meles): a review. Comp Immunol Microbiol Infect Dis (2012) 35(4):277–87.
doi:10.1016/j.cimid.2012.01.009
20. APHAEA (2013) Available from: http://www.aphaea.eu/.
21. Dandy N, Ballantyne S, Moseley D, Gill R, Quine C, Van Der Wal R.
Exploring beliefs behind support for and opposition to wildlife manage-
ment methods: a qualitative study. Eur J Wildl Res (2012) 58(4):695–706.
doi:10.1007/s10344-012-0619-1
22. Gilbert M, Mitchell A, Bourn D, Mawdsley J, Cliton-Hadley R, Wint W.
Cattle movements and bovine tuberculosis in Great Britain. Nature (2005)
435(7041):491–6. doi:10.1038/nature03548
23. Smith KF, Behrens M, Schloegel LM, Marano N, Burgiel S, Daszak P. Reducing
the risks of the wildlife trade. Science (2009) 324(5927):594–5. doi:10.1126/
science.1174460
24. Carstensen M, O’Brien DJ, Schmitt SM. Public acceptance as a determi-
nant of management strategies for bovine tuberculosis in free-ranging U.S.
wildlife. Vet Microbiol (2011) 151(1–2):200–4. doi:10.1016/j.vetmic.2011.02.
046
25. Karesh WB, Cook RA, Bennett EL, Newcomb J. Wildlife trade and global disease
emergence. Emerg Infect Dis (2005) 11(7):1000–2. doi:10.3201/eid1107.050194
26. Kock RA, Woodford MH, Rossiter PB. Disease risks associated with the translo-
cation of wildlife. Rev Sci Tech Off Int Epizoot (2010) 29(2):329–50.
27. Sainsbury AW, Vaughan-Higgins RJ. Analyzing disease risks associated with
translocations. Conserv Biol (2012) 26(3):442–52. doi:10.1111/j.1523-1739.
2012.01839.x
28. Sutmoller P. The fencing issue relative to the control of foot-and-mouth disease.
In: Gibbs EPJ, Bokma BH, editors. Domestic Animal/Wildlife Interface: Issue for
Disease Control, Conservation, Sustainable Food Production, and Emerging Dis-
eases. Annals of the New York Academy of Sciences. (Vol. 969), New York, NY:
New York Acad Sciences (2002). p. 191–200.
29. Schneider HP. The history of veterinary medicine in Namibia. J S Afr Vet Assoc
(2012) 83(1):11. doi:10.4102/jsava.v83i1.4
30. Jori F, Brahmbhatt D, Fosgate GT, Thompson PN, Budke C, Ward MP, et al.
A questionnaire-based evaluation of the veterinary cordon fence separating
wildlife and livestock along the boundary of the Kruger National Park, South
Africa. Prev Vet Med (2011) 100(3–4):210–20. doi:10.1016/j.prevetmed.2011.
03.015
31. PROMED. African Swine Fever – Lithuania (04): (Alytus, Vilnius) Wild Boar,
International Implications, Control. (2014). Available from: http://promedmail.
chip.org/pipermail/promed/2014-January/003274.html
32. PROMED. African Swine Fever – Europe (02): Belarus, Russia, Implica-
tions. (2014). Available from: http://promedmail.chip.org/pipermail/promed/
2013-August/001897.html
33. Owens M, Owens D. The fences of death. Afr Wildl (1980) 34:25–75.
34. Engeman R, Betsill C, Ray T. Making contact: rooting out the potential for
exposure of commercial production swine facilities to feral swine in North
Carolina. Ecohealth (2011) 8(1):76–81. doi:10.1007/s10393-011-0688-8
35. Judge J, McDonald RA, Walker N, Delahay RJ. Effectiveness of biosecurity
measures in preventing badger visits to farm buildings. PLoS One (2011)
6(12):e28941. doi:10.1371/journal.pone.0028941
36. VerCauteren KC, Lavelle MJ, Hygnstrom S. Fences and deer-damage manage-
ment: a review of designs and efficacy. Wildl Soc Bull (2006) 34(1):191–200.
doi:10.2193/0091-7648(2006)34[191:FADMAR]2.0.CO;2
37. Honda T, Kuwata H, Yamasaki S, Miyagawa Y. A low-cost, low-labor-intensity
electric fence effective against wild boar, sika deer, Japanese macaque and
medium-sized mammals. Mamm Study (2011) 36(2):113–7. doi:10.3106/041.
036.0203
38. Vilardell A, Capalleras X, Budo J, Pons P. Predator identification and effects
of habitat management and fencing on depredation rates of simulated nests
of an endangered population of Hermann’s tortoises. Eur J Wildl Res (2012)
58(4):707–13. doi:10.1007/s10344-012-0620-8
39. O’Brien DJ, Schmitt SM, Rudolph BA, Nugent G. Recent advances in the man-
agement of bovine tuberculosis in free-ranging wildlife. Vet Microbiol (2011)
151(1–2):23–33. doi:10.1016/j.vetmic.2011.02.022
40. VerCauteren KC, Lavelle MJ, Phillips GE. Livestock protection dogs for
deterring deer from cattle and feed. J Wildl Manage (2008) 72(6):1443–8.
doi:10.2193/2007-372
41. VerCauteren KC, Lavelle MJ, Gehring TM, Landry JM. Cow dogs: use of live-
stock protection dogs for reducing predation and transmission of pathogens
from wildlife to cattle. Appl Anim Behav Sci (2012) 140(3–4):128–36. doi:10.
1016/j.applanim.2012.06.006
42. Barasona JA, VerCauteren KC, Saklou N, Gortazar C, Vicente J. Effective-
ness of cattle operated bump gates and exclusion fences in preventing ungu-
late multi-host sanitary interaction. Prev Vet Med (2013) 111(1–2):42–50.
doi:10.1016/j.prevetmed.2013.03.009
43. Cross PC, Edwards WH, Scurlock BM, Maichak EJ, Rogerson JD. Effects of
management and climate on elk brucellosis in the Greater Yellowstone Ecosys-
tem. Ecol Appl (2007) 17(4):957–64. doi:10.1890/06-1603
44. Ward AI, VerCauteren KC, Walter WD, Gilot-Fromont E, Rossi S, Edwards-
Jones G, et al. Options for the control of disease 3: targeting the environment.
In: Delahay RJ, Smith GC, Hutchings MR, editors. Management of Disease in
Wild Mammals. Tokyo: Springer (2009). p. 147–68.
45. Vicente J, Carrasco R, Acevedo P, Montoro V, Gortázar C. Big game waste pro-
duction: sanitary and ecological implications. In: Kumar S, editor. Integrated
Waste Management. II. Rijeka: InTech (2011). p. 97–128.
46. Attila N, Tamas M. Epizootiology and diagnosis of classical swine fever – com-
pilatory communication. Magy Allatorvosok (1995) 50(8):453–9.
47. Gortazar C, Ferroglio E, Lutton CE, Acevedo P. Disease-related conflicts in
mammal conservation. Wildl Res (2010) 37(8):668–75. doi:10.1071/WR10031
48. Moreno-Opo R, Margalida A, Garcia F, Arredondo A, Rodriguez C, Gonza-
lez LM. Linking sanitary and ecological requirements in the management of
avian scavengers: effectiveness of fencing against mammals in supplementary
feeding sites. Biodivers Conserv (2012) 21(7):1673–85. doi:10.1007/s10531-
012-0270-x
49. Tedesco C, Ruiz M, McLafferty S. Mosquito politics: local vector control poli-
cies and the spread of West Nile Virus in the Chicago region. Health Place
(2010) 16(6):1188–95. doi:10.1016/j.healthplace.2010.08.003
50. Siptroth SM, Shanahan RP. The fog of war: why the environmental crusade for
anadromous fish species in California could disarm the State’s local vector con-
trol districts in their war against mosquitoes. J Epidemiol Glob Health (2011)
1(1):15–9. doi:10.1016/j.jegh.2011.06.001
51. Bourtzis K, Dobson SL, Xi Z, Rasgon JL, Calvitti M, Moreira LA, et al. Harness-
ing mosquito-Wolbachia symbiosis for vector and disease control. Acta Trop
(2014) 132(1):S150–63. doi:10.1016/j.actatropica.2013.11.004
52. Poland GA. Prevention of lyme disease: a review of the evidence. Mayo Clin
Proc (2001) 76(7):713–24. doi:10.4065/76.7.713
53. Stafford KC, Denicola AJ, Pound JM, Miller JA, George JE. Topical treatment of
white-tailed deer with an acaricide for the control of Ixodes scapularis (Acari:
Ixodidae) in a Connecticut Lyme borreliosis hyperendemic community.Vector
Borne Zoonotic Dis (2009) 9(4):371–9. doi:10.1089/vbz.2008.0161
54. George JE. Summing-up of strategies for the control of ticks in regions of the
world other than Africa. Parassitologia (1990) 32(1):203–9.
55. Pound JM, George JE, Kammlah DM, Lohmeyer KH, Davey RB. Evidence for
role of white-tailed deer (Artiodactyla: Cervidae) in epizootiology of cattle
ticks and southern cattle ticks (Acari: Ixodidae) in reinfestations along the
Texas/Mexico border in South Texas: a review and update. J Econ Entomol
(2010) 103(2):211–8. doi:10.1603/EC09359
56. Lohmeyer KH, Pound JM, May MA, Kammlah DM, Davey RB. Distribu-
tion of Rhipicephalus (Boophilus) microplus and Rhipicephalus (Boophilus)
annulatus (Acari: Ixodidae) infestations detected in the United States along
the Texas/Mexico border. J Med Entomol (2011) 48(4):770–4. doi:10.1603/
ME10209
57. de la Fuente J, Kocan KM. Advances in the identification and characterization
of protective antigens for recombinant vaccines against tick infestations. Expert
Rev Vaccines (2003) 2(4):583–93. doi:10.1586/14760584.2.4.583
58. de la Fuente J, Kocan KM, Blouin EF, Zivkovic Z, Naranjo V, Almazán C, et al.
Functional genomics and evolution of tick-Anaplasma interactions and vac-
cine development. Vet Parasitol (2010) 167(2–4):175–86. doi:10.1016/j.vetpar.
2009.09.019
59. de la Fuente J, Moreno-Cid JA, Canales M, Villar M, de la Lastra JMP, Kocan
KM, et al. Targeting arthropod subolesin/akirin for the development of a uni-
versal vaccine for control of vector infestations and pathogen transmission.Vet
Parasitol (2011) 181(1):17–22. doi:10.1016/j.vetpar.2011.04.018
60. Carreón D, Pérez de la Lastra JM, Almazán C, Canales M, Ruiz-Fons F, Boadella
M, et al. Vaccination with BM86, subolesin and akirin protective antigens for
Frontiers in Veterinary Science | One Health January 2015 | Volume 1 | Article 27 | 10
Gortazar et al. Controlling infections shared with wildlife
the control of tick infestations in white tailed deer and red deer.Vaccine (2012)
30:273–9. doi:10.1016/j.vaccine.2011.10.099
61. Ripple WJ, Beschta RL. Large predators limit herbivore densities in northern
forest ecosystems. Eur J Wildl Res (2012) 58(4):733–42. doi:10.1007/s10344-
012-0623-5
62. Boadella M, Vicente J, Ruiz-Fons F, de la Fuente J, Gortazar C. Effects of culling
Eurasian wild boar on the prevalence of Mycobacterium bovis and Aujeszky’s
disease virus. Prev Vet Med (2012) 107(3–4):214–21. doi:10.1016/j.prevetmed.
2012.06.001
63. Rodriguez-Hidalgo P, Gortazar C, Tortosa FS, Rodriguez-Vigal C, Fierro Y,
Vicente J. Effects of density, climate, and supplementary forage on body
mass and pregnancy rates of female red deer in Spain. Oecologia (2010)
164(2):389–98. doi:10.1007/s00442-010-1663-8
64. Gortazar C, Torres J,Vicente J,Acevedo P, Reglero M, de la Fuente J, et al. Bovine
tuberculosis in Doñana Biosphere Reserve: the role of wild ungulates as disease
reservoirs in the last Iberian lynx strongholds. PLoS One (2008) 3(7):e2776.
doi:10.1371/journal.pone.0002776
65. Gortazar C, Vicente J, Boadella M, Ballesteros C, Galindo RC, Garrido J, et al.
Progress in the control of bovine tuberculosis in Spanish wildlife.VetMicrobiol
(2011) 151(1–2):170–8. doi:10.1016/j.vetmic.2011.02.041
66. O’Brien DJ, Schmitt SM, Fitzgerald SD, Berry DE, Hickling GJ. Managing the
wildlife reservoir of Mycobacterium bovis: the Michigan, USA, experience. Vet
Microbiol (2006) 112(2–4):313–23. doi:10.1016/j.vetmic.2005.11.014
67. Rupprecht CE, Stohr K, Meredith C. Rabies. In: Williams ES, Barker IK, edi-
tors. InfectiousDiseases ofWildMammals. Ames, IO: Iowa State University Press
(2001). p. 3–36.
68. Trewby ID, Wilson GJ, Delahay RJ, Walker N, Young R, Davison J, et al. Experi-
mental evidence of competitive release in sympatric carnivores.Biol Lett (2008)
4(2):170–2. doi:10.1098/rsbl.2007.0516
69. Macdonald DW. Rabies and Wildlife: A Biologist’s Perspective. Oxford: Oxford
University Press (1980).
70. Woodroffe R, Donnelly CA, Jenkins HE, Johnston WT, Cox DR, Bourne FJ,
et al. Culling and cattle controls influence tuberculosis risk for badgers. Proc
Natl Acad Sci U S A (2006) 103(40):14713–7. doi:10.1073/pnas.0606251103
71. Holmala K, Kauhala K. Ecology of wildlife rabies in Europe. Mammal Rev
(2006) 36(1):17–36. doi:10.1111/j.1365-2907.2006.00078.x
72. Carter SP, Delahay RJ, Smith GC, Macdonald DW, Riordan P, Etherington
TR, et al. Culling-induced social perturbation in Eurasian badgers Meles meles
and the management of TB in cattle: an analysis of a critical problem in applied
ecology. Proc Biol Sci (2007) 274(1626):2769–77. doi:10.1098/rspb.2007.0998
73. Woodroffe R, Gilks P, Johnston WT, Le Fevre AM, Cox DR, Donnelly CA, et al.
Effects of culling on badger abundance: implications for tuberculosis control.
J Zool (2008) 274(1):28–37. doi:10.1111/j.1469-7998.2007.00353.x
74. Hanson LB, Mitchell MS, Grand JB, Jolley DB, Sparklin BD, Ditchkoff SS. Effect
of experimental manipulation on survival and recruitment of feral pigs. Wildl
Res (2009) 36(3):185–91. doi:10.1071/wr08077
75. Bolzoni L, Real L, De Leo G. Transmission heterogeneity and control strate-
gies for infectious disease emergence. PLoS One (2007) 2(8):e747. doi:10.1371/
journal.pone.0000747
76. Lachish S, McCallum H, Mann D, Pukk CE, Jones ME. Evaluation of selective
culling of infected individuals to control tasmanian devil facial tumor disease.
Conserv Biol (2010) 24(3):841–51. doi:10.1111/j.1523-1739.2009.01429.x
77. Hallam TG, McCracken GF. Management of the panzootic white-nose syn-
drome through culling of bats. Conserv Biol (2011) 25(1):189–94. doi:10.1111/
j.1523-1739.2010.01603.x
78. EFSA. EFSA advises on control measures to reduce the spread of ASF in wild
boar. Vet Rec (2014) 174(12):288. doi:10.1136/vr.g2237
79. Potapov A, Merrill E, Lewis MA. Wildlife disease elimination and density
dependence. Proc Biol Sci (2012) 279(1741):3139–45. doi:10.1098/rspb.2012.
0520
80. Harrison A, Newey S, Gilbert L, Haydon DT, Thirgood S. Culling wildlife hosts
to control disease: mountain hares, red grouse and louping ill virus. J Appl Ecol
(2010) 47(4):926–30. doi:10.1111/j.1365-2664.2010.01834.x
81. Plumb GE, White PJ, Coughenour MB, Wallen RL. Carrying capacity, migra-
tion, and dispersal in Yellowstone bison. Biol Conserv (2009) 142(11):2377–87.
doi:10.1016/j.biocon.2009.05.019
82. García-Jiménez WL,Fernández-Llario P, Benítez-Medina JM,Cerrato R, Cuesta
J, García-Sánchez A, et al. Reducing Eurasian wild boar (Sus scrofa) population
density as a measure for bovine tuberculosis control: effects in wild boar and
a sympatric fallow deer (Dama dama) population in Central Spain. Prev Vet
Med (2013) 110(3–4):435–46. doi:10.1016/j.prevetmed.2013.02.017
83. Jenkins HE, Woodroffe R, Donnelly CA. The effects of annual widespread bad-
ger culls on cattle tuberculosis following the cessation of culling. Int J Infect Dis
(2008) 12(5):457–65. doi:10.1016/j.ijid.2008.04.001
84. Griffin JM, Williams DH, Kelly GE, Clegg TA, O’Boyle I, Collins JD, et al. The
impact of badger removal on the control of tuberculosis in cattle herds in Ire-
land. Prev Vet Med (2005) 67(4):237–66. doi:10.1016/j.prevetmed.2004.10.009
85. Olea-Popelka FJ, Fitzgerald P, White P, McGrath G, Collins JD, O’Keeffe J,
et al. Targeted badger removal and the subsequent risk of bovine tuberculosis
in cattle herds in county Laois, Ireland. Prev Vet Med (2009) 88(3):178–84.
doi:10.1016/j.prevetmed.2008.09.008
86. Clifton-Hadley RS, Wilesmith JW, Stuart FA. Mycobacterium bovis in the Euro-
pean badger (Meles meles) – epidemiologic findings in tuberculous badgers
from a naturally infected population. Epidemiol Infect (1993) 111(1):9–19.
doi:10.1017/S0950268800056624
87. Corner LAL, Murphy D, Gormley E. Mycobacterium bovis infection in the
Eurasian badger (Meles meles): the disease, pathogenesis, epidemiology and
control. J Comp Pathol (2011) 144(1):1–24. doi:10.1016/j.jcpa.2010.10.003
88. Hars J, Richomme C, Boschiroli ML. La tuberculose bovine dans la faune
sauvage en France. Bull Epidémiol (2010) 38:28–32.
89. Radunz B. Surveillance and risk management during the latter stages of erad-
ication: experiences from Australia. Vet Microbiol (2006) 112(2–4):283–90.
doi:10.1016/j.vetmic.2005.11.017
90. Carstensen M, DonCarlos MW. Preventing the establishment of a wildlife dis-
ease reservoir: a case study of bovine tuberculosis in wild deer in Minnesota,
USA. Vet Med Int (2011) 2011:413240. doi:10.4061/2011/413240
91. Carlson JC, Engeman RM, Hyatt DR, Gilliland RL, DeLiberto TJ, Clark L, et al.
Efficacy of European starling control to reduce Salmonella enterica contamina-
tion in a concentrated animal feeding operation in the Texas panhandle. BMC
Vet Res (2011) 7:9. doi:10.1186/1746-6148-7-9
92. Rand PW, Lubelczyk C, Holman MS, Lacombe EH, Smith RP Jr. Abundance
of Ixodes scapularis (Acari: Ixodidae) after the complete removal of deer from
an isolated offshore island, endemic for lyme disease. J Med Entomol (2004)
41(4):779–84. doi:10.1603/0022-2585-41.4.779
93. Rossi S, Fromont E, Pontier D, Crucière C, Hars J, Barrat J, et al. Incidence
and persistence of classical swine fever in free-ranging wild boar (Sus scrofa).
Epidemiol Infect (2005) 133(3):559–68. doi:10.1017/S0950268804003553
94. Pybus MJ, Shury TK. Sense and serendipity. Conservation and management of
bison in Canada. In: Aguirre AA, Ostfeld RS, Daszak P, editors. New Directions
in Conservation Medicine: Applied Cases of Ecological Health. New York, NY:
Oxford University Press (2012). p. 409–22.
95. Michel AL, Bengis RG, Keet DF, Hofmeyr M, de Klerk LM, Cross PC, et al.
Wildlife tuberculosis in South African conservation areas: implications and
challenges. Vet Microbiol (2006) 112(2–4):91–100. doi:10.1016/j.vetmic.2005.
11.035
96. Cosgrove MK, Campa H, Schmitt SM, Marks DR, Wilson AS, O’Brien DJ. Live-
trapping and bovine tuberculosis testing of free-ranging white-tailed deer for
targeted removal. Wildl Res (2012) 39(2):104–11. doi:10.1071/WR11147
97. Wolfe LL, Miller MW, Williams ES. Feasibility of “test-and-cull” for managing
chronic wasting disease in urban mule deer.Wildl Soc Bull (2004) 32(2):500–5.
doi:10.2193/0091-7648(2004)32[500:FOTFMC]2.0.CO;2
98. Fagerstone KA, Coffey MA, Curtis PD, Dolbeer RA, Killian GJ, Miller LA, et al.
Wildlife fertility control. Wildl Soc Tech Rev (2002).
99. Rutberg AT, Naugle RE. Population-level effects of immunocontraception in
white-tailed deer. Wildl Res (2008) 35:494–501. doi:10.1071/WR07128
100. Rhyan JC, Miller LA, Fagerstone KA. The use of contraception as a disease
management tool in wildlife. J Zoo Wildl Med (2013) 44(4 Suppl):S135–7.
doi:10.1638/1042-7260-44.4S.S135
101. Carter SP, Roy SS, Cowan DP, Massei G, Smith GC, Ji W, et al. Options for the
control of disease II: targeting hosts. In: Delahay RJ, Smith GC, Hutchings MR,
editors. Management of Disease in Wild Mammals. Tokyo: Springer (2009). p.
121–46.
102. Massei G, Cowan DP, Coats J, Bellamy F, Quy R, Pietravalle S, et al. Long-
term effects of immunocontraception on wild boar fertility, physiology and
behaviour. Wildl Res (2012) 39(5):378–85. doi:10.1071/WR11196
103. Beltrán-Beck B, Ballesteros C, Vicente J, De La Fuente J, Gortázar C. Progress in
oral vaccination against tuberculosis in its main wildlife reservoir in Iberia, the
Eurasian wild boar.VetMed Int (2012) 2012:978501. doi:10.1155/2012/978501
www.frontiersin.org January 2015 | Volume 1 | Article 27 | 11
Gortazar et al. Controlling infections shared with wildlife
104. Müller T, Selhorst T, Pötzsch C. Fox rabies in Germany – an update. Euro
Surveill (2005) 10(11):229–31.
105. Rossi S, Pol F, Forot B, Masse-provin N, Rigaux S, Bronner A, et al. Preventive
vaccination contributes to control classical swine fever in wild boar (Sus scrofa
sp.). Vet Microbiol (2010) 142(1–2):99–107. doi:10.1016/j.vetmic.2009.09.050
106. Jori F, Vosloo W, Du Plessis B, Bengis R, Brahmbhatt D, Gummow B, et al. A
qualitative risk assessment of factors contributing to foot and mouth disease
outbreaks in cattle along the western boundary of the Kruger National Park.
Rev Sci Tech Off Int Epizoot (2009) 28(3):917–31.
107. Chambers MA, Rogers F, Delahay RJ, Lesellier S, Ashford R, Dalley D,
et al. Bacillus Calmette-Guérin vaccination reduces the severity and pro-
gression of tuberculosis in badgers. Proc Biol Sci (2011) 278(1713):1913–20.
doi:10.1098/rspb.2010.1953
108. Tompkins DM, Ramsey DSL, Cross ML, Aldwell FE, De Lisle GW, Buddle
BM. Oral vaccination reduces the incidence of tuberculosis in free-living brush-
tail possums. Proc Biol Sci (2009) 276(1669):2987–95. doi:10.1098/rspb.2009.
0414
109. Sidwa TJ, Wilson PJ, Moore GM, Oertli EH, Hicks BN, Rohde RE, et al. Eval-
uation of oral rabies vaccination programs for control of rabies epizootics in
coyotes and gray foxes: 1995-2003. J Am Vet Med Assoc (2005) 227(5):785–92.
doi:10.2460/javma.2005.227.785
110. Slate D, Algeo TP, Nelson KM, Chipman RB, Donovan D, Blanton JD, et al.
Oral rabies vaccination in North America: opportunities, complexities, and
challenges. PLoS Negl Trop Dis (2009) 3(12):e549. doi:10.1371/journal.pntd.
0000549
111. Rosatte R, MacDonald E, Sobey K, Donovan D, Bruce L, Allan M, et al. The
elimination of raccoon rabies from Wolfe Island, Ontario: animal density and
movements. JWildl Dis (2007) 43(2):242–50. doi:10.7589/0090-3558-43.2.242
112. MacInnes CD, Smith SM, Tinline RR, Ayers NR, Bachmann P, Ball DGA, et al.
Elimination of rabies from red foxes in eastern Ontario. J Wildl Dis (2001)
37:119–32. doi:10.7589/0090-3558-37.1.119
113. Cliquet F, Robardet E, Must K, Laine M, Peik K, Picard-Meyer E, et al. Elim-
inating rabies in Estonia. PLoS Negl Trop Dis (2012) 6(2):e1535. doi:10.1371/
journal.pntd.0001535
114. Chauvenet ALM, Durant SM, Hilborn R, Pettorelli N. Unintended conse-
quences of conservation actions: managing disease in complex ecosystems.
PLoS One (2011) 6(12):e28671. doi:10.1371/journal.pone.0028671
115. Vicente J, Hofle U, Fernandez-De-Mera IG, Gortazar C. The importance of
parasite life history and host density in predicting the impact of infections in
red deer. Oecologia (2007) 152(4):655–64. doi:10.1007/s00442-007-0690-6
116. Beltrán-Beck B, Romero B, Sevilla IA, Barasona JA, Garrido JM, González-
Barrio D, et al. Assessment of an oral Mycobacterium bovis BCG vaccine and
an inactivated M. bovis preparation for wild boar in terms of adverse reactions,
vaccine strain survival, and uptake by nontarget species. Clin Vaccine Immunol
(2014) 21(1):12–20. doi:10.1128/CVI.00488-13
117. Janko C, Linke S, Romig T, Thoma D, Schröder W, König A. Infection pres-
sure of human alveolar echinococcosis due to village and small town foxes
(Vuples vulpes) living in close proximity to residents. Eur J Wildl Res (2011)
57(5):1033–42. doi:10.1007/s10344-011-0515-0
118. König A, Romig T, Janko C, Hildenbrand R, Holzhofer E, Kotulski Y, et al.
Integrated-baiting concept against Echinococcus multilocularis in foxes is suc-
cessful in southern Bavaria, Germany. Eur J Wildl Res (2008) 54(3):439–47.
doi:10.1007/s10344-007-0168-1
119. Boxall ABA. The environmental side effects of medication. EMBO Rep (2004)
5(12):1110–6. doi:10.1038/sj.embor.7400307
120. Horvat AJM, Babic´ S, Pavlovic´ DM, Ašperger D, Pelko S, Kaštelan-Macan M,
et al. Analysis, occurrence and fate of anthelmintics and their transformation
products in the environment.Trends Anal Chem (2012) 31:61–84. doi:10.1016/
j.trac.2011.06.023
121. Bienen L, Tabor G. Applying an ecosystem approach to brucellosis control:
can an old conflict between wildlife and agriculture be successfully managed?
Front Ecol Environ (2006) 4(6):319–27. doi:10.1890/1540-9295(2006)4[319:
AAEATB]2.0.CO;2
122. Fenichel EP, Horan RD, Hickling GJ. Management of infectious wildlife dis-
eases: bridging conventional and bioeconomic approaches. Ecol Appl (2010)
20(4):903–14. doi:10.1890/09-0446.1
123. Alexander KA, Lewis BL, Marathe M, Eubank S, Blackburn JK. Modeling of
wildlife-associated zoonoses: applications and caveats. Vector Borne Zoonotic
Dis (2012) 12(12):1005–18. doi:10.1089/vbz.2012.0987
124. ANTIGONE (2011) Available from: http://antigonefp7.eu/.
125. White PCL, Böhm M, Marion G, Hutchings MR. Control of bovine tuber-
culosis in British livestock: there is no ‘silver bullet’. Trends Microbiol (2008)
16(9):420–7. doi:10.1016/j.tim.2008.06.005
126. Hartley M, Voller F, Murray T, Roberts H. Qualitative veterinary risk assess-
ment of the role of wild deer in the likelihood of incursion and the impact on
effective disease control of selected exotic notifiable diseases in England. Eur
J Wildl Res (2013) 59(2):257–70. doi:10.1007/s10344-012-0674-7
127. Gourlay P, Decors A, Moinet M, Lambert O, Lawson B, Beaudeau F, et al. The
potential capacity of French wildlife rescue centres for wild bird disease surveil-
lance. Eur J Wildl Res (2014) 60(6):865–73. doi:10.1007/s10344-014-0853-9
128. Kuiken T, Ryser-Degiorgis M-P, Gavier-Widén D, Gortázar C. Establishing a
European network for wildlife health surveillance. Rev Sci Tech Off Int Epizoot
(2011) 30(3):755–61.
129. CCWHC. Annual Report 2013-14. Canadian Cooperative Wildlife Health
Centre (2013). Available from: http://www.ccwhc.ca/publications/2013_2014_
CWHC_annual_report_English.pdf
130. USGS-NWHC (2014). Available from: http://www.nwhc.usgs.gov/
131. WHA Wildlife Health Australia (2014). Available from: https://www.
wildlifehealthaustralia.com.au/Home.aspx.
132. Garrido JM, Sevilla IA, Beltrán-Beck B, Minguijón E, Ballesteros C, Galindo
RC, et al. Protection against tuberculosis in Eurasian wild boar vaccinated
with heat-inactivated Mycobacterium bovis. PLoS One (2011) 6(9):e24905.
doi:10.1371/journal.pone.0024905
133. de la Fuente J. Vaccines for vector control: exciting possibilities for the future.
Vet J (2012) 194(2):139–40. doi:10.1016/j.tvjl.2012.07.029
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 21 September 2014; accepted: 02December 2014; published online: 14 January
2015.
Citation: Gortazar C, Diez-Delgado I, Barasona JA, Vicente J, De La Fuente J
and Boadella M (2015) The wild side of disease control at the wildlife-livestock-
human interface: a review. Front. Vet. Sci. 1:27. doi: 10.3389/fvets.2014.00027
This article was submitted toOneHealth, a section of the journal Frontiers inVeterinary
Science.
Copyright © 2015 Gortazar, Diez-Delgado, Barasona, Vicente, De La Fuente and
Boadella. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) or licensor are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
Frontiers in Veterinary Science | One Health January 2015 | Volume 1 | Article 27 | 12
